INTRODUCTION {#s1}
============

The ubiquitin--proteasome and autophagy--lysosome pathways are the two major routes for protein and organelle clearance in cells ([@b7]). These two systems are controlled by a transcriptional program that upregulates several crucial and rate-limiting enzymes ([@b15]; [@b18]). Proteasomal proteolysis is important in several organs; for example, proteasome inhibition using MG-132 leads to the cytoplasmic aggregation of TAR DNA-binding protein 43 (TDP-43) in cultured hippocampal and cortical neurons and in immortalized motor neurons ([@b47]). Similarly, the depletion of the 26S proteasome in mouse brain neurons causes neurodegeneration ([@b2]).

The loss of skeletal muscle mass in humans at an older age, which is called sarcopenia, is a rapidly growing health issue worldwide ([@b48]). The regulation of skeletal muscle mass largely depends on protein synthesis and degradation processes. Two muscle-specific E3 ubiquitin ligases, muscle RING finger 1 (MuRF1, also known as TRIM63) and muscle atrophy F-Box (MAFbx, also known as atrogin-1 or FBXO32), are thought to be key regulators of proteasomal proteolysis in skeletal muscle, especially under atrophy-inducing conditions ([@b8]; [@b41]; [@b42]). These proteins are markers of muscle atrophy because they are expressed at relatively low levels in resting muscle but are upregulated under a variety of atrophy-inducing conditions. The dysregulation of the proteasome system is also involved in several muscle diseases. Members of the ubiquitin-proteasome system are upregulated and the global ubiquitylation of proteins is increased in the muscles of dystrophic patients with laminin α2 chain deficiency. Interestingly, proteasome inhibition using MG-132 significantly improved the dystrophic phenotype ([@b9]). MG-132 also improves the dystrophic phenotype in a model of dystrophin deficiency ([@b4]; [@b51]). Therefore, the upregulation of proteasomal proteolysis likely leads to a reduction in skeletal muscle mass, which is in contrast to animal models of proteasomal dysfunction or downregulation in brain neurons that leads to degeneration. We hypothesized that the findings using MG-132 might involve proteasomal inhibition in non-muscle cells in the tissue. Because muscular dystrophy is characterized by inflammation, the effect of MG-132 on inflammatory cells must be considered.

Autophagy is another important cellular pathway for protein and organelle degradation. The efficiency of autophagic degradation declines during aging, leading to the accumulation of intracellular waste products ([@b40]). Autophagy is an evolutionarily conserved degradative pathway through which long-lived intracellular proteins and organelles are delivered to the lysosome for destruction. This pathway is involved in the cellular response to starvation, cellular differentiation, cellular death, aging, cancer and neurodegenerative disease ([@b45]). The excessive activation of autophagy aggravates muscle wasting ([@b53]). Interestingly, a study using mice with a muscle-specific deletion of *Atg7* revealed the upregulation of MuRF1 and atrogin-1, suggesting crosstalk between the autophagy and proteasomal pathways in skeletal muscle ([@b29]). Proteasomal inhibition generally induces autophagy ([@b11]). Therefore, the role of the proteasomal pathway in skeletal muscle homeostasis should be evaluated while also considering autophagy and protein synthesis activity; however, the effect of proteasomal downregulation on autophagy using a loss-of-function strategy has not yet been described.

Proteasomal degradation is mediated by an ATP-dependent protease complex, the 26S proteasome, which is present in both the cytoplasm and nucleus. The 26S proteasome consists of a proteolytic, cylinder-shaped particle (the 20S proteasome) and an ATPase-containing complex (the 19S cap complex). The 19S cap complex unfolds ubiquitin-conjugated proteins to allow their entry into the 20S cylindrical particle. The 19S complex contains several putative ATPases, such as PSMC1--PSMC6. These subunits form a large family with a highly conserved ATPase domain ([@b38]). PSMC4, also known as Rpt3, is an essential subunit of the 26S proteasome and is required for the degradation of most proteasomal substrates. In particular, Rpt3-deficient mice die before implantation owing to a defect in blastocyst development ([@b38]). Interestingly, an insertion/deletion variant in intron 5 of the *Rpt3* gene was frequently found in a cohort of patients with Parkinson\'s disease ([@b28]). The combined knockdown of both *Rpt3*and *Rpt6* caused defects in the assembly of regulated particles of the proteasome and led to diminished peptidase activity in HEK293T cells ([@b19]). Recently, we reported that the conditional knockout of the proteasome subunit *Rpt3* in motor neurons caused locomotor dysfunction that was accompanied by progressive motor neuron loss and gliosis in mice ([@b44]). Thus, the specific deletion of Rpt3 in skeletal muscle tissue might provide a better understanding of the role of the proteasome in muscle homeostasis without affecting other cell types in the tissue.

The working hypothesis of this study was that the downregulation of the ubiquitin proteasomal pathway might attenuate myocellular catabolic pathways to favor the maintenance of skeletal muscle mass. Thus, we generated conditional *Rpt3*-knockout mice to specifically block proteasomal activity in skeletal muscle to clarify the role of the proteasomal system in skeletal muscle tissue. Additionally, because the dysregulation of autophagy is involved in the pathogenic mechanisms of several myopathies, such as Pompe disease ([@b36]), Danon disease ([@b34]), VMA21 deficiency ([@b37]), autosomal dominant inclusion body myopathy associated with Paget\'s disease of the bone and frontotemporal dementia with valosin-containing protein (VCP) mutation ([@b49]), GNE myopathy ([@b26]) and collagen VI muscular dystrophy ([@b16]), we also investigated morphologically similar anomalies using specific immunohistochemical markers of known myopathies in the conditional *Rpt3*-knockout mice.

RESULTS {#s2}
=======

Generation of muscle-specific Rpt3-knockout mice {#s2a}
------------------------------------------------

Rpt3-flox/flox mice were generated at Kyoto University, as described previously ([@b44]). Floxed Rpt3 mice (Rpt3-f/f) were crossed with a transgenic line expressing Cre recombinase under the control of a skeletal-muscle actin (ACTA1) promoter ([@b31]) to generate muscle-specific Rpt3-knockout mice. However, an ACTA1-Cre-positive Rpt3-f/f mouse was not successfully generated when genotyping was performed in the F2 generation at 4 weeks of age. The examination of E18.5 embryo genotypes revealed ACTA1-Cre/Rpt3-f/f embryos, suggesting that this genotype causes embryonic lethality.

Rpt3-f/f mice were then crossed with a transgenic line expressing Cre recombinase under the control of a myosin light chain 1 fast (Mlc1f, also known as Myl1) promoter to generate muscle-specific Rpt3-knockout mice, hereafter referred to as Rpt3^−/−^ mice ([Fig. 1A](#f01){ref-type="fig"}). Mlc1f-Cre/Rpt3^+/+^ mice were used as controls and are herein referred to as Rpt3^+/+^ mice ([Fig. 1A](#f01){ref-type="fig"}). In Mlc1f-Cre mice, Cre activity was detected in skeletal muscle tissue, including the gastrocnemius, tibialis anterior and soleus muscles, but not in the heart ([@b6]). *Mlc* transcripts are initially detected between E8.5 and E9.5 and are expressed robustly beginning at E10.5 ([@b33]). Mlc1f expression is restricted to fast-twitch fibers in adults ([@b27]), in contrast to the ACTA1 promoter, which becomes active in both the skeletal muscle and heart beginning at E9.5 ([@b31]). Accordingly, Rpt3 protein was only slightly detectable in the gastrocnemius muscles, in which fast-twitch fibers predominate, of homozygous mice ([Fig. 1B](#f01){ref-type="fig"}). Rpt3 protein was also markedly decreased in the soleus muscle ([Fig. 1B](#f01){ref-type="fig"}). Mlc1f-promoter-driven Cre has an excision efficiency of 40--50% according to Southern blot analysis ([@b6]). The trace amounts of persistent Rpt3 protein expression might therefore reflect non-excised floxed Rpt3. However, the presence of slow-twitch muscle fibers, endothelial cells, fibroblasts, macrophages, blood cells and mesenchymal cells might also contribute to the remaining expression. An immunoblotting analysis demonstrated multiple ladder bands bound by anti-Rpt3 (data not shown). The specificity of the Rpt3 antibody used was not high enough to obtain an Rpt3-specific immunohistochemical image.

![**Phenotypes of muscle-specific Rpt3-knockout mice.** (A) Generation of the Rpt3^−/−^ mice. Mlc1f-Cre^+/−^/Rpt3^f/−^ mice were mated to produce mlc1f-Cre^+/−^/Rpt3^+/+^ mice and mlc1f-Cre^+/−^/Rpt3^f/f^ mice (referred to as Rpt3^+/+^ mice and Rpt3^−/−^ mice, respectively). (B) Muscle homogenates were immunoblotted with antibodies against Rpt3 and Hsp90. Rpt3 protein was nearly undetectable in the homogenate of gastrocnemius (GC) from Rpt3^−/−^ mice. The homogenate from soleus muscle gave a similar result. Quantitative data are also presented (*n* = 3). White bar, Rpt3^+/+^ mice; gray bar, Rpt3^−/−^ mice. SOL, soleus; AU, arbitrary units. (C) The general appearance of Rpt3^−/−^ mice is shown. Note the smaller body frame and kyphosis in Rpt3^−/−^ mice. (D) The body weights of Rpt3^+/+^ and Rpt3^−/−^ mice are shown (*n* = 10 and 11, respectively). Note that the difference in the body weight became prominent after 3 weeks of age. Open circles, Rpt3^+/+^; closed squares, Rpt3^−/−^. (E) Kaplan--Meier survival curves for Rpt3^+/+^ and Rpt3^−/−^ mice (*n* = 46 each). (F) Appearance of excised skeletal muscles of Rpt3^+/+^ and Rpt3^−/−^ mice. TA, tibialis anterior. Scale bar: 1 cm. (G) Absolute skeletal muscle weight (mg) was significantly different between Rpt3^+/+^ and Rpt3^−/−^ mice in tibialis anterior, gastrocnemius and soleus muscles (*n* = 10). White bars, Rpt3^+/+^; gray bars, Rpt3^−/−^. (H) Skeletal muscle weight (mg)/body weight (g) were significantly different between Rpt3^+/+^ and Rpt3^−/−^ mice in tibialis anterior and gastrocnemius muscles (mostly fast-twitch fibers) but not in soleus muscle (half of the fibers are slow-twitch) (*n* = 10). (I) Heart weight (mg)/body weight (g) was not significantly altered in the Rpt3^−/−^ mice. (J) Grasping power (kg)/body weight (g) was significantly lower in the Rpt3^−/−^ mice (*n* = 5). (K) Creatine kinase (CK; IU/l) was significantly higher in the Rpt3^−/−^ mice (*n* = 5). (L) The step length (mm) was significantly shorter in Rpt3^−/−^ mice compared with Rpt3^+/+^ mice (*n* = 5). Quantitative data show the mean+s.e.m.; \**P*\<0.05; n.s., non-significant \[Student\'s *t*-test (B,G--I,K,L); Mann--Whitney U test (J)\].](jcs-127-24-5204-f01){#f01}

Proteasomal inhibition induces muscle growth defects and the loss of force production {#s2b}
-------------------------------------------------------------------------------------

The appearance of the resultant Rpt3^−/−^ mice was distinct from that of age-matched control Rpt3^+/+^ mice ([Fig. 1C](#f01){ref-type="fig"}); Rpt3^−/−^ mice exhibited kyphosis and a smaller body frame. The growth curve showed a severe reduction in body growth, which differed from that of controls beginning at 3 weeks of age ([Fig. 1D](#f01){ref-type="fig"}), whereas the survival curve suggested that the Rpt3^−/−^ mice had a reduced lifespan ([Fig. 1E](#f01){ref-type="fig"}). Skeletal muscles also appeared smaller in the Rpt3^−/−^ mice ([Fig. 1F](#f01){ref-type="fig"}); the absolute weights of the tibialis anterior, gastrocnemius and soleus muscles were smaller in Rpt3^−/−^ mice at 4 weeks of age ([Fig. 1G](#f01){ref-type="fig"}). However, when muscle weight was evaluated per body weight, virtually no difference was detected between Rpt3^+/+^ and Rpt3^−/−^ animals in the soleus muscle, which is \>50% slow-twitch fibers, whereas larger differences in fast-twitch-dominant muscles were observed between the animals ([Fig. 1H](#f01){ref-type="fig"}). Additionally, the average heart weight was similar in both Rpt3^−/−^ and Rpt3^+/+^ mice ([Fig. 1I](#f01){ref-type="fig"}), most likely because the Mlc1f promoter is not active in the heart.

The grasping strength of Rpt3^−/−^ mice was significantly lower than that of Rpt3^+/+^ mice, most likely because of the decreased muscle mass ([Fig. 1J](#f01){ref-type="fig"}). Furthermore, creatine kinase levels were increased in Rpt3^−/−^ mice, suggesting the presence of muscle damage in the mutant mice ([Fig. 1K](#f01){ref-type="fig"}). Rpt3^−/−^ mice also demonstrated a waddling gait, and their step lengths were markedly shorter compared with those of Rpt3^+/+^ mice ([Fig. 1L](#f01){ref-type="fig"}).

Morphological features of skeletal muscle in Rpt3^−/−^ mice {#s2c}
-----------------------------------------------------------

The examination of the skeletal muscle morphology in Rpt3^−/−^ mice revealed degenerative changes, the accumulation of basophilic inclusions in muscle fibers and centrally nucleated myofibers at 4 weeks of age ([Fig. 2A](#f02){ref-type="fig"}). Mononuclear cell infiltration around muscle fibers was also observed ([Fig. 2A](#f02){ref-type="fig"}). The myofiber cross-sectional area was decreased in Rpt3^−/−^ mice ([Fig. 2B](#f02){ref-type="fig"}), indicating muscle fiber atrophy. As expected, fast-twitch muscle fibers were severely atrophied, whereas the average diameters of the slow-twitch fibers were approximately the same in both Rpt3^+/+^ and Rpt3^−/−^ mice ([Fig. 2C,D](#f02){ref-type="fig"}). These findings indicate that the phenotypic change results from the deletion of the proteasomal component Rpt3 specifically in fast-twitch muscle fibers. In addition, the proportion of slow-twitch fibers was greater in the gastrocnemius muscle of Rpt3^−/−^ mice, which is most likely due to the degeneration of Rpt3-deficient fast-twitch fibers ([Fig. 2E](#f02){ref-type="fig"}).

![**Morphological changes in the muscles of Rpt3^−/−^ mice.** (A) Hematoxylin and eosin (HE) staining shows a general decrease in myofiber size along with the presence of central nuclei, basophilic inclusions and vacuolated fibers in the gastrocnemius of Rpt3^−/−^ mice at 4 weeks of age. Modified trichrome Gomori (mTG) staining revealed several basophilic inclusions in the myofibers and monocellular infiltrations in the interstitial perimysial space in Rpt3^−/−^ mice. NADH staining suggested that the myofibrils were disorganized in Rpt3^−/−^ mice. Acid phosphatase staining revealed mononuclear cell infiltrations around muscle fibers in Rpt3^−/−^ mice. Scale bar: 50 µm. (B) Quantification of the cross-sectional area of the myofibers in the gastrocnemius of Rpt3^−/−^ mice and Rpt3^+/+^ mice (*n* = 5). *P*\<0.05 (Student\'s *t*-test). (C) Immunohistochemistry using myosin heavy chain slow (MyHCs) and fast (MyHCf) in the gastrocnemius of Rpt3^−/−^ and Rpt3^+/+^ mice. The diameter of the MyHCf-positive fibers in Rpt3^−/−^ mice was smaller; however, the same was not observed for the MyHCs-positive fibers. Red, laminin; green, MyHCf or MyHCs. Scale bar: 50 µm. (D) Quantitative data are also shown from the gastrocnemius of Rpt3^−/−^ and Rpt3^+/+^ mice (*n* = 200 for each fiber type). (E) The percentage of slow-twitch fibers was increased in the gastrocnemius of Rpt3^−/−^ and Rpt3^+/+^ mice (*n* = 5). Quantitative data show the mean+s.e.m.; \**P*\<0.05 (Student\'s *t*-test). (F--I) Electron microscopy findings in the tibialis anterior muscles. Axial (F,G) and longitudinal (H,I) sections from 6-week-old Rpt3^+/+^ mice (F) and Rpt3^−/−^ mice (G--I). The myofibrils were smaller and the interstitial space was wider in the Rpt3^−/−^ mice. Sarcoplasmic reticulum dilation, filamentous structures and vacuolated structures were observed (H,I). Scale bars: 500 nm.](jcs-127-24-5204-f02){#f02}

Next, the muscle tissue from the fast-twitch-dominant tibialis anterior muscle of Rpt3^−/−^ mice was examined by electron microscopy. The myofibrils in Rpt3^−/−^ mice were smaller in diameter than those in Rpt3^+/+^ mice ([Fig. 2F,G](#f02){ref-type="fig"}). The distension of the sarcoplasmic reticulum and enlarged interstitial spaces were observed in Rpt3^−/−^ skeletal muscle tissue ([Fig. 2F,G](#f02){ref-type="fig"}). In a subset of the muscle fibers, the distension of the sarcoplasmic reticulum ([Fig. 2H,I](#f02){ref-type="fig"}) as well as vesicle formation and ruptured membranes were observed ([Fig. 2I](#f02){ref-type="fig"}). In addition, a comparison of the electron micrographs obtained from the tibialis anterior muscles of Rpt3^−/−^ and Rpt3^+/+^ mice did not demonstrate increases in the number of autophagosomes and autolysosomes.

Furthermore, no marked defect or reduction in dystrophin or the components of the dystrophin--glycoprotein complex was observed ([Fig. 3A,B](#f03){ref-type="fig"}). No apparent differences were observed in α1-syntrophin, α-dystroglycan, α-sarcoglycan, aquaporin-4, β-sarcoglycan, dystrophin, dysferlin, neuronal nitric oxide synthetase or caveolin-3 levels based on immunohistochemical examination ([Fig. 3A](#f03){ref-type="fig"}). A small amount of developmental myosin heavy chain was observed in the gastrocnemius muscle tissue of Rpt3^−/−^ mice ([Fig. 3A](#f03){ref-type="fig"}), suggesting the presence of a regenerative process that most likely counteracts fast-twitch muscle fiber degeneration, which leads to an increased serum creatine kinase level ([Fig. 1K](#f01){ref-type="fig"}). The fluorescence corresponding to SERCA protein expression was higher in Rpt3^−/−^ gastrocnemius muscle tissue compared with that of Rpt3^+/+^ muscle tissue by immunohistochemical analysis ([Fig. 3C](#f03){ref-type="fig"}). A higher level of calsequestrin in Rpt3^−/−^ gastrocnemius muscle was demonstrated by immunoblotting analysis ([Fig. 3D](#f03){ref-type="fig"}). The increase in these sarcoplasmic reticulum proteins corresponds to the morphological change in the sarcoplasmic reticulum ([Fig. 2F--I](#f02){ref-type="fig"}).

![**Immunohistochemistry and immunoblotting of the dystrophin glycoprotein complex and sarcoplasmic reticulum proteins in the gastrocnemius of Rpt3^−/−^ and Rpt3^+/+^ mice.** (A,B) Immunohistochemistry and immunoblotting of the components of the dystrophin glycoprotein complex in 6-week-old mice. No apparent differences were observed in α1-syntrophin, α-dystroglycan, α-sarcoglycan, aquaporin-4, β-sarcoglycan, dystrophin, dysferlin, neuronal nitric oxide synthetase or caveolin-3 levels. A small amount of developmental myosin heavy chain was observed in muscles from Rpt3^−/−^ mice. Neonatal myosin heavy chain was not observed. Scale bar: 50 µm. (C,D) Immunohistochemistry and immunoblotting to detect the sarcoplasmic-reticulum-related proteins SERCA1 (C) and calsequestrin (D).](jcs-127-24-5204-f03){#f03}

Altered proteolysis in Rpt3^−/−^ mice {#s2d}
-------------------------------------

To investigate the effect of Rpt3 deletion on proteasomal activity in skeletal muscle tissue, a knockdown of Rpt3 by small interfering (si)RNA in C2C12 cultured myoblasts was performed. Proteasomal activity was markedly reduced in C2C12 cells after siRNA-mediated Rpt3 knockdown at 24, 48 and 72 h after transfection ([Fig. 4A,B](#f04){ref-type="fig"}). In the immunoblotting analysis, the Rpt3 band was undetectable after siRNA treatment, indicating that the Rpt3 antibody correctly detected the Rpt3 protein ([Fig. 4C](#f04){ref-type="fig"}).

![**The effect of Rpt3 knockdown and Rpt3 deletion on proteasomal activity *in vitro* and *in vivo*.** The chymotrypsin-like (A) and trypsin-like (B) activities of control (con-siRNA)- and Rpt3-siRNA-transfected C2C12 cells were assessed. Proteasomal activity was significantly suppressed in Rpt3-siRNA-transfected cells. Proteasomal activity at 24, 48 and 72 h after transfection is shown. IU, international units. (C) Rpt3 protein expression was suppressed in Rpt3-siRNA-transfected C2C12 cells. (D) Proteasomal activity (trypsin-like and chymotrypsin-like activity) in the tibialis anterior muscles of 2-week-old Rpt3^−/−^ and Rpt3^+/+^ mice (*n* = 5). (E) Proteasomal activity (trypsin-like and chymotrypsin-like activity) in the tibialis anterior muscles of 6-week-old Rpt3^−/−^ and Rpt3^+/+^ mice (*n* = 6). Trypsin-like and chymotrypsin-like activity were increased in Rpt3^−/−^ mice compared with Rpt3^+/+^ mice. The highly specific proteasomal inhibitor AdaAhx~3~L~3~VS (30 µM) significantly suppressed chymotrypsin-like activity by \>70%, and trypsin-like activity by \>30% from tibialis anterior muscle homogenate of both 6-week-old Rpt3^−/−^ and Rpt3^+/+^ mice. (F) Immunoblotting of Rpt3 protein using homogenates of tibialis anterior muscles from 2- and 6-week-old mice. (G) HE staining of tibialis anterior muscles from 2- and 6-week-old mice. Scale bar: 50 µm. (H) Changes in the components of the proteasomal complex of the tibialis anterior muscles. Rpt2 is significantly increased in Rpt3^−/−^ mice compared with its expression in Rpt3^+/+^ mice. White bars, Rpt3^+/+^; gray bars, Rpt3^−/−^. AU, arbitrary units. All quantitative data show the mean+s.e.m.; \**P*\<0.05 (Student\'s *t*-test).](jcs-127-24-5204-f04){#f04}

Then, to investigate the effect of Rpt3 deletion *in vivo*, both chymotrypsin-like and trypsin-like proteasomal activities in the fast-twitch-dominant tibialis anterior muscles of 2-week-old mice were examined. The proteasomal activity in the muscle homogenate from Rpt3^−/−^ mice was significantly lower compared with that from Rpt3^+/+^ mice at 2 weeks of age ([Fig. 4D](#f04){ref-type="fig"}). Proteasomal activity at 6 weeks of age, however, was higher in the Rpt3-deleted animals compared with Rpt3^+/+^ mice ([Fig. 4E](#f04){ref-type="fig"}). To examine whether the detected chymotrypsin-like and trypsin-like activities were proteasome-dependent, a highly specific proteasomal inhibitor, AdaAhx~3~L~3~VS (30 µM), was added to the muscle homogenates. The proteasome-specific inhibitor significantly reduced both the chymotrypsin-like and trypsin-like proteasome activities of tibialis anterior muscles from 6-week-old Rpt3^−/−^ and Rpt3^+/+^ mice ([Fig. 4E](#f04){ref-type="fig"}). Therefore, the increased proteasomal activity in Rpt3^−/−^ mice might not be due to the recovery or acquisition of Rpt3 because the Rpt3 protein was still markedly reduced at 6 weeks of age in Rpt3^−/−^ mice ([Fig. 4F](#f04){ref-type="fig"}). Indeed, corresponding to the enhanced chymotrypsin-like and trypsin-like proteolytic activity, the transcription of proteasomal components in the proteolytic subunits of the 20S catalytic core, including PSMB5 with chymotrypsin-like activity and PSMB7 with trypsin-like activity, was markedly activated in the tibialis anterior muscle homogenate ([supplementary material Fig. S2](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)).

A morphological comparison of tibialis anterior muscle tissue from 2-week-old and 6-week-old Rpt3^+/+^ and Rpt3^−/−^ mice ([Fig. 4G](#f04){ref-type="fig"}) demonstrated a clearly increased number of irregularly shaped abnormal muscle fibers in 6-week-old mice that were characterized by swelling and dislocated and enlarged nuclei. The interstitial spaces were extended, and the number of infiltrating cells was increased.

An examination of the protein components of the proteasome other than Rpt3 in tibialis anterior muscle tissue revealed increased expression of Rpt2 (also known as PSMC1) in 6-week-old Rpt3^−/−^ mice ([Fig. 4H](#f04){ref-type="fig"}). No significant difference in the protein level of Rpt6 (also known as PSMC5), the binding partner of Rpt3, was identified in Rpt3^−/−^ mice compared with Rpt3^+/+^ mice ([Fig. 4H](#f04){ref-type="fig"}). In addition, no significant differences in the protein levels of Rpt5, PA28α (also known as PSMC3, PSME1, respectively) or 20S proteasome proteins were noted between Rpt3^+/+^ and Rpt3^−/−^ mice ([Fig. 4H](#f04){ref-type="fig"}).

The transcriptional and protein levels of ubiquitin proteasomal components and the upstream pathway in Rpt3^−/−^ mice {#s2e}
---------------------------------------------------------------------------------------------------------------------

Because the activity of the ubiquitin proteasomal pathway depends upon an upstream transcriptional program that requires the activation of a subset of atrophy-related genes, or atrogenes ([@b23]), the expression of atrogenes involved in the ubiquitin--proteasomal pathway in the fast-twitch-dominant gastrocnemius muscle of Rpt3^−/−^ mice was examined. Indeed, the protein and transcriptional levels of two atrophy-related ubiquitin E3 ligases, MuRF1 and atrogin-1, were markedly increased in Rpt3^−/−^ mouse gastrocnemius muscle compared with that of Rpt3^+/+^ mice ([Fig. 5A,B](#f05){ref-type="fig"}). The levels of ubiquitin and polyubiquitylated protein at the Lys48 residue were also markedly increased ([Fig. 5C](#f05){ref-type="fig"}). An immunohistochemical examination also demonstrated a marked increase or accumulation of polyubiquitylated proteins in the fast-twitch muscle fibers of the gastrocnemius muscle from Rpt3^−/−^ mice ([Fig. 5D](#f05){ref-type="fig"}).

![**The ubiquitin--proteasome pathway is dysregulated in the gastrocnemius muscles of Rpt3^−/−^ mice.** (A) Protein levels of the muscle-specific ubiquitin-E3-ligases MuRF1 and atrogin-1 were higher in Rpt3^−/−^ mice than in Rpt3^+/+^ mice at the age of 6 weeks. Quantitative data are also presented (*n* = 3). AU, arbitrary units. (B) Upregulation of the crucial atrophy-related and muscle-specific genes in Rpt3^−/−^ mice at the age of 6 weeks. RNA was extracted from the gastrocnemius muscles, and quantitative PCR analysis was performed in triplicate using specific primers ([supplementary material Table S1](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)). Data were normalized to the GAPDH content and expressed as the fold increase over the expression levels in Rpt3^+/+^ mice (*n* = 5). (C) The levels of ubiquitin (Ub) and high-molecular-mass ubiquitylated proteins were increased in Rpt3^−/−^ mice. Protein polyubiquitylated at the Lys48 residue (detected using an anti-Ub-K48 antibody) was also increased in Rpt3^−/−^ mice. Quantitative data are also presented (*n* = 3). Quantitative data in A--C show the mean+s.e.m.; \**P*\<0.05 (Student\'s *t*-test). (D) Immunohistochemical detection of ubiquitin and MyHCf revealed the accumulation of ubiquitylated proteins, particularly in fast-twitch muscle fibers. TOTO3, nuclei; OVL, overlay. Scale bar: 50 µm. (E) Upregulation of crucial proteasome-related genes in the skeletal muscles of adult Rpt3^−/−^ mice. RNA was extracted from the gastrocnemius muscles. The *y*-axis represents the quantitative values of gene expression in Rpt3^−/−^ mice relative to Rpt3^+/+^ mice, which were transformed to log~10~ values. The value '0' indicates equal gene expression between Rpt3^−/−^ and Rpt3^+/+^ mice. Of the several proteasome-related genes that were measured, the expression of PSMC4 (Rpt3) was inhibited in Rpt3^−/−^ mice compared with that of Rpt3^+/+^ mice. Quantitative PCR analysis was performed in triplicate using specific primers ([supplementary material Table S1](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)). (F) Relative expression levels, normalized to β-actin, were well correlated between the microarray data and the quantitative PCR analysis (*R*^2^ = 0.6736).](jcs-127-24-5204-f05){#f05}

To obtain an overall view of the gene expression profiles in Rpt3^−/−^ skeletal muscle, microarray and real-time PCR analyses of gastrocnemius muscle tissue were performed ([Fig. 5E,F](#f05){ref-type="fig"}; primers are listed in [supplementary material Table S1](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)). Proteasome-related genes were upregulated in Rpt3^−/−^ mice; a summary of the top ten networks identified by Ingenuity pathway analysis of the microarray data revealed that 'connective tissue proliferation', 'cellular development' and 'protein synthesis' were all affected in Rpt3^−/−^ mice ([supplementary material Table S2](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)). The microarray data are available online (GEO; <http://www.ncbi.nlm.nih.gov/geo/>) under the accession number GSE34896. A pathway analysis using DAVID online software provided by the National Institute of Allergy and Infectious Diseases (NIAID), NIH (<http://david.abcc.ncifcrf.gov/home.jsp>) was performed. A KEGG pathway analysis using the list of genes that were differentially expressed over 1.5-fold compared with their expression in Rpt3^+/+^ mice is shown in [supplementary material Table S3](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1). Proteasome- and lysosome-related genes were significantly upregulated, as was the MAPK pathway in Rpt3^−/−^ mice ([supplementary material Table S3](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)). The protein level of phosphorylated p38 was increased in the gastrocnemius muscle of the Rpt3^−/−^ mice ([Fig. 7A](#f07){ref-type="fig"}).

The autophagy pathway is another important mechanism that is responsible for protein degradation and processing within cells. The protein p62 (also known as SQSTM1) has a role in the aggregation of intracellular ubiquitin-related protein ([@b21]). LC3 (also known as MAP1LC3A and MAP1LC3B) is a post-translational modifier that is essential for autophagosome formation. The protein and transcriptional levels of p62 were markedly increased in Rpt3^−/−^ mouse gastrocnemius muscle compared with the same muscle from Rpt3^+/+^ mice ([Fig. 6A,B](#f06){ref-type="fig"}). There was also an increase in LC3II and a marked decrease in the LC3II∶LC3I ratio in Rpt3^−/−^ mice ([Fig. 6A](#f06){ref-type="fig"}). Immunohistochemical analyses detected a marked increase in the amount of p62 and LC3 in the myofibers of Rpt3^−/−^ mutant animals ([Fig. 6C,D](#f06){ref-type="fig"}).

![**Autophagy is reduced in the gastrocnemius muscles of Rpt3^−/−^ mice.** (A) Immunoblotting revealed increased levels of p62, LC3, beclin-1 and Atg5 proteins in Rpt3^−/−^ mice at the age of 6 weeks. Quantitative data are also presented (*n* = 3). Note that p62 was increased and the LC3II∶LC3I ratio was decreased in Rpt3^−/−^ mice. (B) Upregulation of p62 mRNA in Rpt3^−/−^ mice at the age of 6 weeks. RNA was extracted from the gastrocnemius muscles, and quantitative PCR analysis was performed in triplicate using specific primers ([supplementary material Table S1](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)). Data were normalized to the GAPDH content and expressed as the fold increase over the level of expression in Rpt3^+/+^ mice (*n* = 5). (C) Immunohistochemical examination revealed p62-positive myofibers in Rpt3^−/−^ mice at the age of 6 weeks. Scale bar: 50 µm. (D) Immunohistochemical examination revealed LC3-positive myofibers in Rpt3^−/−^ mice at the age of 6 weeks. TOTO3, nuclei; OVL, overlay. Scale bar: 50 µm. (E) Autophagy flux was investigated using C2C12 cells. Representative immunoblotting showing autophagy flux assay with reduced LC3II levels following Rpt3 knockdown under chloroquine inhibition (*n* = 4/treatment). con, control. (F) The protein level of LC3II was significantly different between vehicle- and chloroquine-treated samples (\**P*\<0.05). The protein level of LC3II was significantly different between samples treated with both Rpt3 siRNA and chloroquine and those treated with control siRNA and chloroquine (^†^*P*\<0.05). The protein level of LC3II was not significantly different between samples treated with control siRNA without chloroquine those treated with Rpt3 siRNA without chloroquine (*P* = 0.058). Quantitative data in A,B,F show the mean+s.e.m.; \**P*\<0.05 (Student\'s *t*-test).](jcs-127-24-5204-f06){#f06}

The influence of Rpt3 deficiency on autophagy flux was examined in cultured C2C12 cells. The administration of the lysosome inhibitor chloroquine to C2C12 cells with or without Rpt3 siRNA resulted in an increase in LC3II protein ([Fig. 6E,F](#f06){ref-type="fig"}), but the increase was attenuated in the Rpt3-knockdown C2C12 cells.

The levels of phosphorylated p38, phosphorylated Foxo3a, Foxo3a, p50 (also known as NFKB1) and myostatin were increased in the gastrocnemius muscle of Rpt3^−/−^ mice ([Fig. 7A,B](#f07){ref-type="fig"}). Although the protein level of Foxo3a was significantly higher in Rpt3^−/−^ mice, no difference in the ratio of Foxo3a to its phosphorylated form was detected between Rpt3^−/−^ and Rpt3^+/+^ mice. The protein levels of p70S6K1 and the ratios of phosphorylated S6 (also known as RPS6), 4EBP1 and Akt were similar in gastrocnemius muscles from both Rpt3^+/+^ and Rpt3^−/−^ mice ([Fig. 7A,B](#f07){ref-type="fig"}). Additionally, the total amount of 4EBP1 and phosphorylated 4EBP1 was increased. Therefore, the downregulation of protein synthesis did not likely contribute to muscle atrophy or the degeneration of Rpt3^−/−^ muscle in this study.

![**Catabolic pathways in the gastrocnemius muscles of Rpt3^−/−^ mice.** (A) Immunoblotting analysis for the detection of muscle atrophy-related signaling pathway components. (B) Quantification of the data from A. The amount of phosphorylated p38 (pp38) was also increased in Rpt3^−/−^ mice. No apparent differences were observed in the levels of Akt and phosphorylated (p)Akt. Foxo3a, p50, and myostatin were increased. Phosphorylated (p)Foxo3a, p70S6K1, phosphorylated (p)S6, S6, phosphorylated (p)4EBP1, 4EBP1 and GAPDH were also present. The ratios of phosphorylated S6∶S6 and phosphorylated 4EBP1∶4EBP1 were not altered, whereas the total amount of phosphorylated 4EBP1 was increased. Data show the mean+s.e.m.; \**P*\<0.05 (Student\'s *t*-test). (C) Proteins related to RNA metabolism accumulated in myofibers. Expression of the FUS/TLS, VCP and TDP-43 proteins was increased in Rpt3^−/−^ mice, especially in the insoluble fractions. (D) Immunohistochemistry of TDP-43, FUS/TLS and VCP revealed that the amount of these markers localizing within myonuclei in Rpt3^−/−^ mice was increased. TOTO3, nuclei; OVL, overlay. Scale bars: 20 µm (upper panel), 50 µm (middle and lower panels).](jcs-127-24-5204-f07){#f07}

Several diseases are characterized by abnormal protein aggregates in myofibers. The expression of TDP-43 and fused in sarcoma/translocated in liposarcoma (FUS/TLS) has been observed in muscle biopsy samples from patients with sporadic inclusion body myositis (sIBM) ([@b50]; [@b52]). The amounts of these proteins differed between Rpt3^+/+^ and Rpt3^−/−^ mice, particularly in the insoluble fraction, when evaluated by immunoblotting ([Fig. 7C](#f07){ref-type="fig"}). Immunohistochemical examination revealed enhanced staining of TDP-43, FUS/TLS and VCP in the myonuclei of gastrocnemius muscle from Rpt3^−/−^ mice ([Fig. 7D](#f07){ref-type="fig"}).

DISCUSSION {#s3}
==========

In this study, we report that the fast-twitch muscle-specific deletion of a crucial proteasomal gene, *Rpt3*, resulted in profound muscle growth defects and a decrease in force production in mice with the accumulation of abnormal proteins. To the best of our knowledge, our study is the first to examine the role of the proteasomal system in mammalian skeletal muscle using a loss-of-function strategy. Contrary to our hypothesis and previous studies using proteasome inhibitors on dystrophic mice or myostatin-defective mice, in which muscle hypertrophy was demonstrated ([@b30]), the specific deletion of the proteasome component Rpt3 led to a significant loss of muscle mass with premature death and significantly reduced physical activity.

To generate a skeletal-muscle-specific Rpt3 conditional knockout, we used Cre under the control of the Mlc1f promoter, with which we could delete Rpt3 only in fast-twitch muscle fibers. We first used α1 skeletal muscle actin promoter (ACTA1)-Cre transgenic mice so that Cre would be expressed without fiber-type specificity; however, this deletion resulted in embryonic lethality. The skeletal muscle creatine kinase (MCK)-Cre transgenic, which is often used to establish muscle-specific loss of function, was also a candidate, but we did not use this line because the MCK-Cre transgenic is known also to induce Cre in cardiac muscle tissue. Therefore, although we failed to demonstrate the histological distribution of Rpt3 in muscle tissue, most likely owing to the non-specific binding of the Rpt3 polyclonal antibody, the expression of Rpt3 in slow-twitch fibers might not have been affected.

In this study, because there was no difference in the size of slow-twitch fibers between Rpt3^+/+^ and Rpt3^−/−^ mice and because the proportion of slow-twitch muscle was increased in the gastrocnemius muscle of Rpt3^−/−^ mice at older age, we assume that there was a selective reduction of fast-twitch fibers in the gastrocnemius muscle. The premature death observed in Rpt3^−/−^ mice might be a consequence of impaired fast-twitch fibers. The movement of Rpt3^−/−^ mice was slow with a significantly reduced step pace. The impaired movement might have limited their access to food, but the precise cause of premature death remains unknown. However, not all fast-twitch fibers were lost because the tibialis anterior muscle, of which \>99% is fast-twitch fibers ([@b1]), maintained fast-twitch fibers even at 6 weeks of age.

Proteasomal activity was significantly reduced in the whole-muscle preparation at 2 weeks of age as measured both by chymotrypsin-like and trypsin-like activity in the Rpt3^−/−^ mice. The fact that Rpt3 knockdown in C2C12 myoblasts led to a \>80% reduction in proteasomal activity suggests that at the single fast-twitch fiber level, proteasomal activity was largely abrogated in Rpt3^−/−^ mice. The reason that the reduction in proteasomal activity in tibialis anterior muscle remained at only ∼20% *in vivo* at the age of 2 weeks might be due to the excision efficiency of the Mlc1f-promoter-driven Cre, which is ∼40--50% ([@b6]). Therefore, some myonuclei that were positive for *Rpt3* might have remained. Additionally, non-muscle cells, such as inflammatory cells, might have contributed to the proteasomal activity.

The results obtained in this study markedly contrasted with the results obtained in previous studies using the proteasome inhibitor MG-132, in which the administration of MG-132 significantly improved the dystrophic phenotype ([@b9]). MG-132 also improved the dystrophic phenotype in a model of dystrophin deficiency ([@b4]; [@b51]). The administration of MG-132 might have effects on all tissues and organs. Specifically, MG-132 is known to protect IκB, which inhibits NFκB, from proteasomal degradation in inflammatory cells. Thus, an attenuated inflammatory process might have favored mice with a dystrophin deficiency ([@b24]). This was one of our strong motivations to establish a skeletal muscle-specific deletion of the Rpt3 component of the proteasome complex without affecting non-muscle cell types, such as inflammatory cells, in order to achieve a better understand the role of the ubiquitin--proteasome pathway in skeletal muscle cells.

Interestingly, although the proteasomal activity was significantly suppressed in Rpt3^−/−^ fast-twitch dominant skeletal muscles at 2 weeks of age, a marked enhancement, rather than a mere recovery, in trypsin-like and chymotrypsin-like proteasomal activity was observed in the skeletal muscle at 6 weeks of age. Indeed, the transcription of the proteasomal components PSMB5 with chymotrypsin-like activity and PSMB7 with trypsin-like activity, which are proteolytic subunits of the 20S catalytic core, was markedly increased in Rpt3^−/−^ mice at 6 weeks of age. Some possibilities might explain the apparent enhancement in proteolytic activity, and these issues need to be further addressed. First, the involvement of proteolytic activity from a non-proteasomal source, such as lysosomes, is not likely because the proteolytic activity in the muscle homogenate of the tibialis anterior muscle was sensitive to a highly specific proteasome inhibitor. Second, because the tibialis anterior muscle is composed mostly of fast-twitch fibers and there was no fiber-type switching in Rpt3^−/−^ mice, the possibility of the contribution of intact proteasomes from slow-twitch fibers should be almost negligible ([supplementary material Fig. S1](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)). One of the more plausible explanations for the increase in proteasomal proteolytic activity at an older age is the upregulation of the proteolysis pathways that counteract the reduced degradation of ubiquitylated proteins. An increased amount of the ubiquitin E3 ligases MuRF1 and atrogin-1 in Rpt3^−/−^ gastrocnemius muscle might also have contributed to the accumulation of ubiquitylated proteins, but this result could also be a part of a counteraction against impaired protein degradation through proteasomes. Although no change was found in the ratio between Foxo3a and its phosphorylated form, the amount of Foxo3, which transcriptionally activates MuRF1 and atrogin-1 expression, was higher in Rpt3^−/−^ compared with Rpt3^+/+^ mice. The apparent myocellular effort of counter-regulation against impaired protein degradation, however, did not seem to be effective in the restoration of effective protein degradation because there was a remarkable accumulation of ubiquitylated proteins in the muscle tissue of Rpt3^−/−^ mice at 6 weeks of age.

One of the aims of this study was to investigate the influence of autophagy activity when proteasomal function was impaired. In Rpt3^−/−^ muscle tissue, the initial steps to transfer ubiquitylated proteins to the autophagy pathway seem to be enhanced. Ubiquitin-binding p62 was markedly increased by more than twofold in Rpt3^−/−^ gastrocnemius muscle, and immunostaining of p62 was detected within Rpt3^−/−^ muscle fibers. Beclin-1 and Atg-5 that are involved in isolation membrane formation were also increased in Rpt3^−/−^ tissue. LC3I, which is involved in the initiation of autophagosome formation, was markedly increased in Rpt3^−/−^ gastrocnemius muscle. To this extent, the autophagy pathway seems to be enhanced. Although the LC3I protein level was markedly increased in Rpt3^−/−^ gastrocnemius muscle homogenate at 6 weeks of age, the conversion to LC3II (LC3II∶LC3I) was significantly reduced. Therefore, the progression of autophagolysosomal formation seems to be impaired. An independent cellular study using cultured C2C12 myotubes revealed that Rpt3 knockdown resulted in the suppression of LC3 turnover, suggesting a contribution of the proteasomal proteolytic process in autophagy progression. Taken together, a cellular effort appears to compensate for impaired proteasomal proteolysis caused by the absence of Rpt3 in the proteasomal complex by delivering ubiquitylated proteins to the autophagy pathway, but autophagy seems to be impaired at autophagosome formation by an unknown but proteasomal-activity-dependent mechanism. The lack of increase in the number of autophagosomes as revealed by electron microscopy might correspond to this observation. Increased myostatin expression might also have contributed to the enhanced expression of autophagy proteins ([@b25]).

The increase in p62 and the formation of inclusion bodies observed in Rpt3^−/−^ mice was previously reported as a pathophysiological condition induced by a deficiency in autophagy ([@b21]). In addition to muscle atrophy, we also observed a marked increase in proteins associated with myopathies and neurodegenerative diseases, such as VCP, TDP-43 and FUS/TLS, within the muscle fibers of Rpt3^−/−^ mice. Indeed, VCP is a molecular adapter that binds to the ubiquitin of a ubiquitylated protein and autophagosome-specific proteins ([@b46]). The concomitant increase in VCP and p62 seems to be reasonable. These proteins might be cooperating in transferring accumulated ubiquitylated proteins to the selective autophagy pathway. The accumulation of TDP-43 within the nuclei of Rpt3^−/−^ myofibers is another interesting finding. TDP-43 is an RNA-binding protein suggested to be required for the maintenance of the autophagy pathway by stabilizing *Atg7* mRNA ([@b5]). A marked increase in TDP-43 might further support the compensatory activation of the selective autophagy pathway due to impaired proteasomal activity. The FUS/TLS protein also has RNA binding capability, has a transcriptional activation property ([@b13]) and is enhanced in Rpt3^−/−^ muscle myonuclei; however, the distinct role of this protein in the Rpt3^−/−^ pathology is unknown. TDP-43, FUS/TLS and p62 are integral components of sIBM inclusions, with p62 immunoreactivity being particularly specific and strong, and these proteins can be used as disease markers for sIBM ([@b35]; [@b39]). Our finding in this study suggests that the pathological mechanism might be similar to that of sIBM, although electron microscopic analysis of Rpt3^−/−^ mice did not reveal myelin-like structures similar to those observed in patients with sIBM. Proteasomal activity in the muscles of patients with sIBM is reported as either activated or suppressed ([@b12]; [@b14]); thus, multiple pathological mechanisms might be involved. Our findings might partly explain the pathology of sIBM with suppressed proteasomal activity.

Impaired autophagy is known to induce skeletal myofiber degeneration and muscle weakness ([@b29]; [@b36]). Using the same Mlcf-Cre promoter, Masiero et al. generated fast-twitch muscle-specific *Atg7*-knockout mice to disrupt the autophagy pathway in skeletal muscle ([@b29]). We found similar myopathic changes in the Rtp3^−/−^ mice as in the Atg7^−/−^ mice, but the extent of muscle wasting or failure in muscle development was apparently more severe in the Rpt3^−/−^ mice. The body weight of Atg7^−/−^ mice was reported to be slightly lower than that of the control mice, whereas Rpt3^−/−^ mice exhibited a marked impairment in body weight growth mainly due to impaired muscle growth. We found not only weakness in muscle strength but also a serious gait disturbance due to muscle weakness. Premature death was observed in Rpt3^−/−^ mice but not in Atg7^−/−^ mice. Considering that the same fast-twitch muscle cells were affected in these conditional knockout mice, we conclude that the proteasomal pathway has a greater impact on maintaining the homeostasis of skeletal muscle tissue.

Referring to the fundamental role of autophagy, the autophagy process is promoted when cells are cultured under starved conditions without amino acids in the culture medium ([@b22]). Our study suggests that both the ubiquitin proteasome and autophagy systems are required to maintain myocellular homeostasis and integrity. The protein and organelle degradation by both autophagy and ubiquitin proteasome systems might provide resources, such as oligopeptides and amino acids, for maintaining cellular integrity in skeletal muscle tissue ([@b3]). Therefore, the Rpt3 deficiency might have resulted in a far more serious condition that deprives the cells of two major paths of pooling resources for cellular maintenance. We hypothesize that the skeletal muscle Rpt3 deficiency might have led to blocking the cellular 'recycling system' that is essential to the maintenance of skeletal muscle fibers, and this question needs to be further examined. In *Drosophila*, the progressive accumulation of protein aggregates is a characteristic of aging in skeletal muscle ([@b10]). Using the conditional expression of a mutant proteasome β subunit in *Drosophila*, Haas et al. reported that the ubiquitin proteasome system is required for the acute maintenance of muscle and neuromuscular junction architecture ([@b17]). Taken together, these results suggest that basal, appropriately balanced proteasomal activity has a beneficial role in the control of muscle mass during muscle growth.

MATERIALS AND METHODS {#s4}
=====================

Generation of muscle-specific Rpt3-knockout mice {#s4a}
------------------------------------------------

Mice bearing a floxed Rpt3 allele ([@b44]) (Rpt3 f/f) were crossed with transgenic mice expressing Cre under the control of either a myosin light chain 1 fast promoter (MLC1f-Cre) ([@b6]) or an α1 skeletal muscle actin promoter (ACTA1-Cre) ([@b31]). Genomic DNA isolated from mice bearing the Cre allele or Rpt3-lox was subjected to standard PCR analysis. The animals were provided access to food and drinking water *ad libitum* and were euthanized by cervical dislocation under anesthesia. The tibialis anterior and gastrocnemius muscles were subsequently excised for analysis. All of the experimental protocols and procedures were approved by the Animal Committee of the Tohoku University School of Medicine Ethics Committee (animal 2011-234).

Mouse tissue preparation {#s4b}
------------------------

Body and wet muscle weights were determined. Tibialis anterior and gastrocnemius muscles were collected individually using standard dissection methods and cleared of excess fat, connective tissue and tendons, and subjected to further preparation and analyses. The origins of muscle samples either from tibialis anterior or gastrocnemius muscle is described in each figure legend. Some portions of the muscles were frozen in isopentane cooled with liquid nitrogen for histological and immunohistochemical analysis, and the other muscle portions were frozen directly in liquid nitrogen and stored at −80°C for RNA isolation or protein extraction.

Antibodies {#s4c}
----------

Antibodies against the following proteins were obtained from Cell Signaling Technology: Akt, phosphorylated Akt (Ser473), phosphorylated p38, p38, ubiquitin, protein polyubiquitylated at the Lys48 residue (Ub-K48), Atg5, beclin-1, Hsp90, p70S6K1, phosphorylated S6 (Ser240/244), S6, phosphorylated 4EBP1 and 4EBP1. Antibodies against Rpt2, Rpt3, Rpt5, PA28α and 20S were purchased from Enzo. MuRF1 and atrogin-1 antibodies were purchased from ECM Biosciences. Calsequestrin antibodies were purchased from Abcam. Antibodies against fast, slow, developmental and neonatal myosin heavy chain and antibodies against dystrobrevin, dystrophin, α-dystroglycan, α-sarcoglycan and caveolin-3 were obtained from Novocastra. Serca and laminin antibodies were obtained from Sigma. We also used antibodies against GAPDH (Santa Cruz Biotechnology), LC3 (Novus Biological and nanoTools Antikörpertechnik), p62 (PROGEN Biotechnik), TDP-43 (Proteintech), FHL1 (Abcam), VCP (BD Biosciences), FUS/TLS (Bethyl Laboratories), α1-syntrophin (Thermo Fisher Scientific) and neuronal nitric oxide synthase (Invitrogen).

Proteasome activity {#s4d}
-------------------

Proteasome activity was assessed using Proteasome-Glo^TM^ Assay kit (Promega) following the manufacturer\'s instruction. The trypsin-like and chymotrypsin-like activity assays were conducted using skeletal muscle homogenates in a total volume of 100 µl in opaque 96-well plates. For the assays, 120 µg of protein was added to assay buffer containing 20 mM Tris-HCl (pH 7.2), 0.1 mM EDTA, 5 mM ATP, 1 mM β-mercaptoethanol, 20% glycerol and 0.04% Nonidet P40. The individual proteasome reagents were added separately, and 30 min later, the luminescence was recorded as relative light units on a Varioskan luminometer (Thermo Scientific). Each sample was measured in triplicate.

In addition, to evaluate proteasome activity more precisely, dual measurements with or without the addition of 30 µM of the irreversible and highly specific proteasomal inhibitor adamantine-acetyl-(6-aminohexanoyl)~3~-(leucinyl)~3~-vinyl-(methyl)-sulfone (AdaAhx~3~L~3~VS, Calbiochem, catalog number 114802) were carried out ([@b20]).

Creatine kinase measurement {#s4e}
---------------------------

Blood (200 µl) was collected in Eppendorf tubes using cardiac puncture under deep anesthesia, and it was allowed to clot at room temperature prior to centrifugation and serum collection. Creatine kinase was measured using a standard spectrophotometric method according to the manufacturer\'s instructions. The data are expressed as units per liter.

Functional tests {#s4f}
----------------

Forearm grip strength was assessed in 8-week-old mice using a grip strength meter (GPM-100, MelQuest) according to the manufacturer\'s instructions. An investigator blinded to the treatment conditions recorded three successful forelimb strength measurements (*n* = 5) in the morning. The average grip strength measurement obtained each day was used for subsequent analysis. Motor endurance was measured using a round cage (RS-204-5, Kori-Seiki). The number of rotations per day was recorded, and the average number of rotations was calculated on three consecutive days (*n* = 5).

Step pace analysis {#s4g}
------------------

After conditioning runs, the plantar surface of the hind paws was impregnated with black printing paint and each mouse walked with office copier paper on the base. Four prints of each foot were recorded on the length of the paper used. The distance of the print length was measured as step pace (mm). The walking track test was performed at 6 weeks of age.

Microarray analysis and real-time PCR {#s4h}
-------------------------------------

Total RNA was isolated using an RNeasy kit (Qiagen). The RNA was subjected to microarray analysis using a Codelink mouse whole-genome bioarray according to the manufacturer\'s instructions. We performed KEGG pathway analysis using the list of genes that were differentially expressed over 1.5 times from Rpt3^+/+^ mice ([supplementary material Table S3](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)).

For real-time PCR, first-strand cDNA synthesis was performed using oligo-dT primers. The expression levels of selected genes were analyzed using the Bio-Rad CFX96 system according to the manufacturer\'s instructions and quantitative PCR analysis was performed in triplicate using specific primers ([supplementary material Table S1](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)).

Immunohistochemistry {#s4i}
--------------------

Cryosections of muscle tissue (10-µm thickness) were cut from the middle portion of the muscle belly to obtain the largest myofiber diameter, placed on poly-L-lysine-coated slides, air-dried, post-fixed in acetone at −20°C and pre-incubated in phosphate-buffered saline (PBS) containing 5% goat serum and 1% bovine serum albumin (BSA) for 30 min at room temperature. The primary antibodies were applied overnight at 4°C. Following incubation with the appropriate secondary antibodies, the mounted sections were observed using an Olympus confocal microscope.

Electron microscopy {#s4j}
-------------------

The skeletal muscles were fixed using 4% paraformaldehyde and 2% glutaraldehyde for conventional electron microscopy. The samples were post-fixed with 1% OsO~4~, embedded in Epon epoxy resin and sectioned.

Immunoblotting analysis {#s4k}
-----------------------

The total skeletal muscle protein was extracted from the tibialis anterior muscles and gastrocnemius muscles for immunoblotting analysis. We described in the figure legends which muscles we used. We used the Bradford method to determine the total protein concentration. The protein fractions were then extracted with a reducing sample buffer containing 2.3% SDS, 70 mM Tris-HCl, 5% β-mercaptoethanol, and Complete Protease Inhibitor Cocktail (Roche). Proteins (30 µg per lane) were separated on a 10--20% gradient SDS-polyacrylamide gel and subsequently transferred to a polyvinylidene difluoride membrane (Millipore) at 240 mA for 1 h. The membrane was then incubated with primary antibody. Specific signals were detected using the enhanced chemiluminescence method (GE Healthcare), as described previously ([@b43]). Densitometry was performed using ImageJ software (National Institutes of Health). For the fractionation of soluble and insoluble proteins, a 6 M urea solution was used.

C2C12 experiments {#s4l}
-----------------

Mouse C2C12 myoblasts were cultured under standard conditions (37°C under a humidified atmosphere containing 5% CO~2~) in high-glucose DMEM supplemented with 10% fetal bovine serum and 100 µg/ml penicillin-streptomycin solution. The cells were transfected with 30 nM siRNA using Lipofectamine RNAiMAX (Invitrogen). To examine the proteasomal activity, C2C12 cells were harvested in the aforementioned assay buffer using a cell scraper at 24, 48 and 72 h after the transfection. After centrifugation (13,000 ***g*** for 15 min at 4°C), 100 µg of the cleared protein sample was incubated in the presence of 40 µM of fluorogenic substrate in reaction buffer. Autophagy flux was evaluated using the administration of 50 µM chloroquine (Sigma-Aldrich) as described previously ([@b32]).

Statistical analysis {#s4m}
--------------------

Significant differences were determined using either Student\'s unpaired *t*-test or the Mann--Whitney *U*-test. All data are expressed as the mean±s.e.m. Statistical significance was defined as *P*\<0.05.

Supplemental data {#s4n}
-----------------

The microarray data have been deposited into the Gene Expression Omnibus (GEO; <http://www.ncbi.nlm.nih.gov/geo/>) under the accession number GSE34896. KEGG pathway analysis was performed using the list of genes differentially expressed over 1.5 times from Rpt3^+/+^ mice ([supplementary material Table S3](http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150961/-/DC1)).
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